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ABSTRACT 


This report summarizes the progress achieved during the period September 
16, 1987 to August 15, 1988 on NASA Grant NAG-1-724, "Fracture Criteria for 
Discontinuous ly Reinforced Metal Matrix Composites”. Appended to the report 
are copies of three manuscripts prepared by the authors under NASA funding 
during the performance period. 


INTRODUCTION 


Renewed interest in light-weight, ceramic reinforced metal matrix 
composites for high performance applications has recently resulted in the 
development of continuous and dis continuously reinforced silicon carbide 
reinforced aluminum alloy metal matrix composites (1,2). While these 
materials offer the potential of achieving outstanding strength and stiffness 
properties, their successful design application will require development of 
suitable damage tolerance design criteria. These criteria should also 
include development of relatively simple and inexpensive mechanical tests 
that can be used for materials qualification and acceptance. 

Historically, damage tolerant design fail-safe design of metallic 
primary-airframe-structure has evolved from a consideration of whole-life 
fatigue to assesment of the influence of load spectrum on fatigue crack 
growth and fracture resistance, the latter utilizing the concepts embodied 
within linear elastic fracture mechanics (LEFM). The applicability of this 
approach to fail-safe design of monoque metallic structure has been 
repeatedly demonstrated through both laboratory and service experience. 

One of the fundamental precepts included in the utilization of linear 
elastic fracture mechanics for airframe fail-safe design is that the 
description of the critical fracture event depends only on the local stress 
state in the vicinity of the crack tip, even if the stresses remote from the 
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crack tip are very much different. This approach leads directly to the 
acceptance of the parameter Kjq, the Mode I plane strain fracture toughness, 
as a material property, similar to the yield strength, whose value does not 
depend upon specimen configuration. Indeed, determination of Kjq has been 
standardized through use of ASTM E-399 procedures. 

However, the rather simple, but classic experiments of Reedy (3), have 
shown that linear elestic fracture mechanics failure criteria are not 
appropriate for continuously reinforced unidirectional metal matrix 
composites. His results showed, for example, that drastically different 
values of Kjc can be obtained in unidirectional boron/aluminum composites 
through variation in test coupon configuration. For samples oriented so that 
the pre-crack was perpendicular to the fiber axis, Kjq = 77 ksi/in for a 
center-cracked panel, 59 ksi/in for a three-point bend sample and 34 ksi/in 
for a compact-tension sample. Microscopic examination further indicated that 
the mode of crack growth in this material was also sample dependent. 

Crack growth in the three-point bend and compact-tension samples 
typically involved crack splitting and branching along the fiber-matrix 
interface, while crack propagation in the center-cracked samples proceeded 
across the fibers in a self-similar manner. 

Early fracture toughness measurements in whisker reinforced aluminum 
metal matrix composites suggest that the results may also be specimen 
dependent. For example, plane strain fracture toughness values between 5 and 
30 ksi/in have been reported (4-8) for whisker reinforced 6061 and 2124 
aluminum. In addition, these investigators have noted the great difficulty 
encountered in pre-cracking L-T compact-tension samples. Indeed, almost all 
data were obtained utilizing L-T center-cracked panels. If confirmed, these 
observations cast doubt on the general applicability of linear elastic 
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fracture mechanics to discontinuous ly reinforced whisker metal matrix 
composites . 

The first phase of this investigation, as reported previously (9), was 
designed to examine what effect sample configuration has on the details of 
initial crack propagation in discontinuous ly whisker reinforced aluminum 
metal matrix composites. Care was taken to allow direct comparison of 
fracture toughness values utilizing differing sample configurations and 
orientations, holding all materials variables constant, e.g., extrusion 
ratio, heat treatment, chemistry, etc. 

The second phase of this investigation, initiated during this report 
period, extended the phase 1 study to consider (a) the effect of lower volume 
fraction, 5 and 10 volume percent, reinforcement content, (b) whisker 
orientation and (c) matrix plasticity on the fracture behavior of SiC whisker 
reinforced aluminum metal matrix composites. A comparison of the results 
obtained from 10 and 20 volume percent SiC whisker reinforced 2124-F is 
summarized in Appendix C, a paper to be published in the "Proceedings of the 
Seventh International Conference on Fracture, 1989(ICF7)", being held in 
Houston, Texas, March 20-24, 1989. Fractographic studies of the 10 and 20 
volume percent SiC whisker reinforced fracture toughness measurements 
presented in Appendix C have been completed. Finally, detailed aging studies 
of unreinforced, 5, 10 and 20 volume percent SiC whisker reinforced 2124 has 
been initiated to provide selection criteria for further fracture toughness 
and plane strain tensile studies. 

EXPERIMENTAL PROCEDURES 

2124 reinforced with 0, 5, 10 and 20 volume percent SiC whiskers are 
being utilized in this investigation. These materials were fabricated 
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following the generalized procedures described in Appendix fi. Essentially 
this process involves wet blending helium inert gas atomized powder and SiC 
whiskers, drying, cold compaction and vacuum hot pressing in the mushy zone 
to either 8 inch (5 volume percent) or 6 inch (0, 10, 20 volume percent) 
diameter billets. Following homogenization, the billets were extruded to 5 
inch wide by 0.5 inch thick planks. 

Optical microscopy of the 0.5 inch thick extrusions indicated that the 
SiC whiskers were relatively evenly distributed throughout the aluminum 
matrix, see for example Figure 1. A comparison of Figure 1 with those 
previously presented for the 10 and 20 volume percent reinforced composites 
(9) indicates that the use of F-8 whiskers in the 5 volume percent composite 
virtually eliminates the large Si02 and SiC particulate inclusions normally 
associated with these composites. It is anticipated that the elimination of 
these inclusions will enhance the tensile ductilities to be measured in this 
investigation and allow a truer examination of the effects of whisker 
reinforcement on the fracture process. 

Whisker alignment and length-to-diameter measurements are being made on 
the 5, 10 and 20 volume percent composites. Figure 2 schematically defines 
the two orientations being examined, the surface plane and thru thickness 
direction. Initially, samples were prepared utilizing standard 
metal lographic procedures, the final step being etching with 10 percent 
bromine in ethanol. A minimum of 30 scanning electron microgarphs at 3500 
and 6500X were taken for data collection and analysis, with care being taken 
to select areas representative of the bulk. A minimum of 500 whisker 
orientation and 250 whisker length measurements were made on each of the 
orientations examined. The whisker length-to-diameter, 1/d, ratio was 
finally determined assuming that the whisker diameter was 0.5 pun. 
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Figure 1 - Optical Micrograph of Extruded 2124 Reinforced with 
5 V/0 F-8 SiC Whiskers. 
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NORMAL 

A. ORIENTATION RELATIVE TO 
EXTRUSION DIRECTION 



B. SPECIMEN LOCATION 


Figure 2 - Schematic Diagram Illustrating Whisker Orientation Definition. 
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Quantitative analysis of the 10 and 20 volume percent SiC whisker 
reinforced extrusions (9) showed that the 11.5:1 extrusion ratio used in 
fabricating these composites resulted in a distinct alignment of the SiC 
whiskers with respect to the extrusion direction in both the transverse (T) 
and the thru-thickness (S) planes. Furthermore, the degree of alignment, as 
depicted by the standard deviation of the whisker orientation with respect to 
the extrusion direction, was a function of the volume percent SiC, the 20 
volume percent reinforced composite exhibiting a higher degree of alignment, 
particularly in the thru-thickness plane. 

Continuing quantitative characterization of the 10 and 20 volume percent 
SiC whisker reinforced extrusions indicates that the whisker 
length-to-diameter ratio (1/d) distribution is relatively insensitive to the 
overall volume fraction of the composite. Figure 3. In addition, many 
whiskers having 1/d ratio's below 10. For example. Figure 4(a) shows that 
approximately 70 percent of the whiskers in the 10 volume percent reinforced 
extrusion had 1/d ratio's below 10, while Figure 4(b), shows that in the 20 
volume percent extrusion, approximately 75 percent of the whiskers had 1/d 
ratio's below 10. It should be noted that these composites had been 
fabricated utilizing a common lot of SiC whiskers (10). 

These quantitative measurements of whisker orientation and 1/d ratio are 
currently being extended to a recently fabricated 5 volume fraction SiC 
whisker reinforced extrusion where F-8, an enhanced grade of whisker, and a 
higher extrusion ratio, 20:1, have been employed. 

Heat Treatment Response 

The heat treatment response of 0, 5, 10 and 20 volume percent SiC 
whisker reinforced 2124 is being examined utilizing Rockwell hardness, eddy 
current. X-ray small angle scattering and transmission electron microscopy. 
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PERCENT WHISKERS 


24 



L/D RATIO 


Figure 3 - SiC Whisker Length-to-Diameter Ratio's for (a) 2124-10 
V/0 SiC Whiskers and (b) 2124-20 V/0 SiC Whiskers. 
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PERCENT WHISKERS 



L/D RATIO 


Figure 3 - Continued 



CUMULATIVE PERCENT WHISKERS 







All measurements utilized samples approximately 0.5 inch by 0.625 inch by 0.5 
inch thick, with the hardness and eddy current measurements being made 
parallel to the extrusion direction. Samples were solution treated at 495°C 
for 1 hour, water quenched and aged, the elapsed time between quenching and 
aging never exceeding 5 min. 

Aging temperatures between 75 and 175°C are being examined, aging times 
extending to 1000+ hours. Following aging the samples were air cooled to 
25 C, ground thru 600 grit and tested. The hardness values reported are the 
average of 5 readings. 

Table 1 lists the aging treatments being examined utilizing small angle 
X-ray and transmission electron microscopy. These samples were selected from 
the hardness and eddy current results and are intended to clarify the details 
of aging in SiC whisker reinforced 2124. The small angle scattering studies 
are being conducted in cooperation with Dr. Stephen Spooner of Oak Ridge 
National Laboratory utilizing the National X-Ray and Neutron Diffraction 
facility available at 0RNL. Samples for both X-ray and transmission electron 
microscopy are being prepared from hardness samples and ground to 0.002 inch 
thick. The transmission electron microscopy samples are then being thinned 
electrochemically utilizing a dual jet Fischione apparatus, a 5 percent 
perchloric acid solution in ethanol, operated at -30°C, prior to examination 
with a JEOL 100C. 

Mechanical Property Response 

All fracture toughness testing conducted to date have utilized the 
as extruded (F) temper. The details of specimen preparation, test procedures 
and results are given in Appendix C. Extension of these results to include 
orientational, test temperature and heat treatment effects is currently 
underway. Specimens have been heat treated, machining to a center cracked 
panel and plane strain tensile configurations is underway. 
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Table 1 


X-Ray 


Transmission 


X-Ray and Transmission Electron Microscopy 


V/0 SiC 
0 
5 

10 

20 


Aging Temperature (°C) Aging Times (hrs . ) 

150 1,2,4,8,16,32 

150 i, 1,2,4,8,16 

150 i, 1,2, 4, 8 

150 i, 1,2,4 


0 


150 


32,128 


5 


150 


1,64,256 
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The test matrix to be examined is listed in Figures 5 and 6. Both 
fracture toughness and plane strain tensile measurements are being 
fabricated, the later being included to provide the necessary data for 
modeling of the fracture event. In addition, the WTS 880 system being used 
for this program is undergoing modification and integration with a high speed 
micro-processor to allow pre-cracking under K control, this enhanced 
procedure being designed to overcome some of the pre-cracking problems 
encountered in phase 1 of this study. 

Finally, selected 10 and 20 volume percent SiC whisker 2124-F samples 
have been examined after failure utilizing a JEOL 848 scanning electron 
microscope to ascertain the microscopic crack path with respect to the 
whisker orientation. Once the measurements outlined in Figures 5 and 6 are 
completed, selected samples of these conditions will be included in the 
fractographic investigation. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Aging Response 

Figures 7 thru 10 summarize the Rockwell B hardness and eddy current 
response of the 0, 5, 10 and 20 volume percent SiC whisker reinforced 
composites. Previous studies of 2124 (11,12) indicate that maximum hardness 
in this alloy is associated with the combined precipitation of GPB and S'. 
Detailed examination of the present results suggests that the effect of 
whisker reinforcement on the aging response is quite complex, depending upon 
reinforcement level, aging temperature and aging time. Preliminary analysis 
indicates : 

1. Aging at 175°C, the highest temperature examined, results in 
either a single maxima (unreinforced, 20 V/0 reinforced) or two maxima 
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Figure 5 - Fracture Toughness Test Matrix for 5 V/0 F-8 SiC 
Reinforced 2124 Aluminum. 
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- Plane Strain Tensile Test Matrix for 5 V/0 F-8 SiC 
Reinforced 2124 Aluminum. 
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Figure 7 - Aging Resonse of 2124 Aluminum Solution Treated at 495 °C 
for 1 hour. Water Quenched and Aged at (a) 75°C, (b) 100°C 
(c) 125°C, (d) 150°C and (e) 175°C. 
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Figure 7 - Continued 




Figure 7 - Continued 
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Figure 8 - Aging Response of 2124 Aluminum Reinforced With 5 Volume Percent 
SiC Whiskers Solution Treated at 495°C for 1 hour, Water Quenched 
and Aged at (a) 100°C, (b) 125°C, (c) 150°C and (d) 175°C. 
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Figure 8 - Continued 
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Figure 9 - Aging Response of 2124 Aluminum Reinforced With 10 Volume Percent 
SiC Whiskers Solution Treated at 495°C for 1 hour, Water Quenched 
and Aged at (a) 100°C, (b) 125°C, (c) 150°C and (d) 175°C. 
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Figure 9 - Continued 
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Figure 10 - Aging Response of 2124 Aluminum Reinforced With 20 Volume Percent 
SiC Whiskers Solution Treated at 495°C for 1 hour. Water Quenched 
and Aged at (a) 100°C, (b) 125 # C, (c) 150°C and (d) 175°C. 
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(5 and 10 V/O reinforced), with the level of the second/single maxima 
increasing and the aging time required to achieve this maxima decreasing 
with increasing SiC whisker content. In contrast, the aging time 
required for the initial maxima observed in the 5 and 10 volume percent 
composite does not seem to be affected by the change in carbide content. 
Finally, at least at this aging temperature, it appears that there is no 
systematic influence of SiC whisker content on the aging time associated 
with initial S' formation, the latter being defined by the time 
necessary to achieve an increase in (%IACS) eddy current (11). 

2. Aging at lower temperatures results in multiple hardness peaks 
for all materials examined. Once again, it appears that the hardness 
level increases, and the aging time required for the final peak 
decreases, as the SiC whisker content increases. In addition, at least 
at 150°C, eddy current results suggest that the time required for S' 
precipitation initiation may decrease slightly with increasing SiC 
whisker content, while at lower temperatures the results are complicated 
by overlapping reactions. Further analysis and interpretation of the 
low temperature aging response of SiC whisker reinforced 2124 will 
require completion of the X-ray and transmission electron microscopy 
studies currently underway. 

The following heat treatments have been selected for detailed fracture 
toughness and plane strain tensile examination. These heat treatments were 
selected based on the aforementioned hardness and eddy current results and 
represent an attempt to allow examination of the broadest spectrum of 
microstructures on the plane strain plasticity and fracture behavior of SiC 
whisker reinforced 2124, 
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Heat Treatment Anticipated Microstructure 

Underaged 1S0°C - 1 hr GPB zones 

Peak Aged 150°C - 64 hr GPB and S' 

Overaged 150°C - 256 hr S' and S 

Mechanical Property Response 

Appendix C summarizes the fracture toughness behavior of the 10 and 20 
volume percent SiC whisker reinforced 2124-F extrusion. Probably the most 
important result obtained from this examination is that the fracture 
toughness of oriented, whisker reinforced aluminum is sensitive to sample 
configuration and stress state (plane strain versus plane stress). Testing 
of plane stress samples always involved self-similar crack growth, while 
plane strain compact tensile samples, taken such that initial crack growth 
should be perpendicular to the extrusion direction, did not exhibit 
self-similar crack growth. 

At least part of this apparent anomaly can be explained by the scanning 
electron fractography results reported previously (9). The general fracture 
morphology in the plane strain T-L center cracked panels is quite smooth, 
while in the L-T orientation, the fracture is somewhat rougher and undulated. 
Fatigue crack growth and overload progresses either parallel (T-L) or 
perpendicular (L-T) to the SiC whiskers. In the former, whiskers lie within 
the plane of crack propagation, while in the latter, crack propagation occurs 
thru whiskers. Indeed, there appears to be little evidence, during 
self-similar crack propagation in the L-T orientation, for appreciable 
enhancement of the fracture toughness of whisker reinforced aluminum alloys 
by crack deflection along whisker/matrix interfaces during either fatigue 
crack propagation or final failure. These results strongly suggest that the 
bond strength between the SiC whiskers and the aluminum matrix far exceeds 
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the fracture strength of the SIC whiskers. This result is sot surprise, 
given the faulted nature of the P-9 whiskers incorporated within these 

composites, see Appendix B. 

This fracture morphology should also he contrasted with that observed in 
compact tension samples. Crack propagation in the T-L orientation is again 
quite smooth, with SiC whiskers once again lieing either within or near the 
fracture plane. Stahl, self-similar crack propagation -as not observed in 
the 0.450 thick L-T oriented samples. Macroscopic s.lf-si.ilar crack 
propagation was observed in thin, 0.100 in. thick, samples. Micoscopic 
examination shows. Figure 11, that crack propagation in thin compact tension 
samples involved extensive localised crack deflection at appropriately 

oriented SiC whiskers. 

The differences in macroscopic crack morphology observed between and 
among the various specimen configurations can be related to the differing 
contributions of bending in the two sample configurations. For the 
geometries utilised in this stud, the bending »o«nt about the center-line of 
the net-section ligament is P(25.4 4 a)/2 for the compact tensile geometry, 
while no bending moment exists in the center cracked panel. Clearly this 
important contribution of far-distance stress field violates 

precepts of linear elastic fracture mechanics, wherein crack propagation is 
assumed to be controlled entirely by the near crack tip stress field. 
However, it is not nearly as clear as to why this same effect is not as 
prevalent in thin sample, where, on a microscopic scale localised crack 
deflection has commenced, yet macroscopic crack growth maintains its 
s .l, -similar character. This feature of the fracture process is under 

continuing study. 


36 



ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure 11 - Scanning Electron Fractographs of 0.1 inch Thick Compact Tension 
Sample of 20 Volume Percent SiC Whisker Renforced 2124-F, (a) T-L 
and (b) L-T orientation. 
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Figure 11 - Continued 
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CONCLUSIONS 


1. The fracture toughness of SiC whisker reinforced 2124 aluminum is a 
function of whisker orientation, sample configuration and stress state. 

2. Microscopic crack propagation is also a function of orientation and 
sample configuration, T-L orientations involving crack propagation parallel 
to SiC whiskers, L-T orientations involving whisker fracture or localized 
crack deflection at whisker/matrix interfaces, the latter due to the 
increased bending moment associated with a compact tensile specimen. 

3. The influence of SiC whiskers on the aging response of 2124 is a 
sensitive function of whisker content, aging temperature and time. At aging 
temperatures and times where S* precipitaion predominates, SiC whisker 
reinforcement results in a decrease in time to maximum hardness, without 
influencing the time for initial S* formation. 

FUTURE RESEARCH EFFORTS 

1. Complete aging studies of 2124 reinforced with 0, 5, 10 and 20 
volume percent SiC whiskers . 

2. Initiate fracture toughness and plane strain testing of aged 5 v/o 
SiC whisker reinforced 2124 examining orientation and test temperature 
interactions . 

3. Initiate micromechanical modeling of fracture phenomena in SiC 
whisker reinforced aluminum. 
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r e p o r t e d t h a. t f a I; i g u e cr. r a c k :i n L t i a t i o n i n B i C w r e i n f cs r c 0 cl 
"1 1, 2 4 -fabricated during 1/?83 was associated with ei ther whisker 
] u. m p 1 n q o r 1 a r g e 1 n c: 1 u s> i c n s , S i m i 1 a r c o n c: I a :s :L c n 3 w i t h resp 0 c t t o 
v; h o "5 e f a c t. o r s c o n 1 r o 1 1 i n g t; h e f ; r a c t u r - 0 t ou g h n e s s o f w his k er .a n d 
p a r t i c u. i a t s r e i n f o r c 0 d a 1 u rn i n v 1 m m e t a 1 rn atr i x c c ^ p osi tes have been 
reported by Crowe et- al « (9) . Subsequent alloy and processing 
rn a d i f :l, r: a t i o n s h a v e f * o w e v e r v j r ■ t l i a 1 ]. y e 1 i m i n a t e d t h e s e i >n p e r f 0 c t i <::• n s 
a s f a c t o r 3 1 i rn i t i n q t h e d a rn a q 0 t. o !L e r a n c: e b e n a v i o r o f disc o n 1 1 n 1 j o u s i 
- o :i. n f or c ed a !. u»n i n urn a 1 1 oy s - 

Indeed, several studies have shown that fhe Long life fatigue 
b e ti a v i o r a f w h i s k e r r e i n f : o r c e d rn e t a 1 m a t r 1 x c o m p o s i t e 3 i s s u peris r- 
to that of the unr ai nforced matrix., while that of particulate 
r a i n f o r c e <: J a 1 u mi n u m rn e t a 1 rn a t r i. x c o m p o s i t e s i s a t I e a s t e q (j. i v a 1 e n t 

to the unrein-forced alley : F:i gure 1- Accompany! nq detailed rn:iv: rn 

structural examination suggests that the principal benefits of the 
whi sker rei n-f nrcement , vi s a vi s parti cul ate rei n forcemenis , on i on 
1 i f e f a !■; i. q 1 j. e , c a n b e a. 1 1 r :i. b u t e d t a t he i n c r e a s e i. n t h 0 n 1 .t. m h e 1 * o f 
c: y c 1 e 5 r e q u :i r e ■ :J f a r f a t i g 1 1 e r a c k g r o w t h i n :i 1 3 a t i a n ;f t hi e n u m b c? r c f 
e y c: 1 e s i n v o 1 v e d i n f a t i g u e c r a c k g r o w t h s 1 1 1 1 b s i n g 1 i m i fc e d b y t i i e 
decreased fracture toughness of the metal matrix comp cel he. 
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material*, including di = con hi nucusl y reinforced metal matrix 
composites, has utilised the principals of linear elastic tract 
m-ach an i. r s ( LFFM > . Tins approach assumes that. K, the linear el as 

stress intensity factor,, gives an accurate representative of hi 
*tri»*»s l-if-ld at the tip of an atomically sharp crack in 
unrein forced or a di scant i nucusl y reinforced metal matrix ccmp. 
Based on this assumption, methodologies previously developed 
unreinforced materials have been applied to determine K, c , the 
j pi ane strain fracture toughness, hthr»»hoici) the threshold i 
fatigue crack growth and da/dN, the fatigue crack growth rate, 
latter as a function of the stress intensity range, A* , for a 
o f c o m p o s i t e e y s t e m s • 

An illustration of this approach for a particulate 
reinforced aluminum metal matrix composite is shewn in Figure 
This data indicates that kthr«>«noid for t>.4 mm hh, ck \ 

S i C fj particulate reinforced MB 78, a 7000 series aluminum all; 
is a function of the reinforcement size. For fine bi.C„ rein- 
forced MB 78, the threshold is below that of the unreinforced 
matrix, that is the initial fatigue crack growth resistance is 
inferior to that of the unreinforced material. If however , 
coarser SiC p is utilized as the reinforcement, the threshold 
appears to be equivalent to the unreinforced matrix. Further, 
at higher Ak, within stgae II, the fatigue crack growth r * •- - 
of both fine and coarse SiC p reinforced MB 78 appears to be 
superior to that of the unreinforced matrix, until a *K level 
is reached where the lower fracture toughness resistance o-s- t. 
d i scon t i nuousl y reinforced metal matrix composite once again 
- • and Ritchie! 11 > have ascribed this bens 
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cr e i e c 1 1 o n f o r e n h a n c e d f r a c 1. i a r e t o u q h n e s s h a s h e o n e k t e n s i v e 1 y 

investigated by Hun t and his co workers at FLLUA v 1. 1 ■-*) •< Ihsir 

data, as illustrated in Figure 3 , indicates that an optimum 
d i s c o n t i n u. o u s r e i n f ore e m e n t p a r t i c 1 e size c* x i s t s , tine r sizes 
I ead i ng to cl umpi ng , a character i st i c of non-uni form rei nforcement 
d j s t r i b i a t i o n , a c o a rser s i z e t o p a r t i c la 1 ate c r a c k 1 n g and early 
•fracture- Figure 3 also shows that averaging, an approach 
c o n v e n t i o n a 1 1 y u s e d in u. nreinf o reed 7 0 0 0 s e r i e s a 1 la mi n i u m alloys 
for enhancing the fracture toughness of this alloy system., without 
unduly sacrificing tensile yield and ultimate properties, 
is not applicable to particulate reinforced aluminum metal matrix 
compos! tes . 3i mi 1 ar resul ts have al so been rep or ted :i n over aged 
whisker reinforced aluminum alloys where the results have been 
ascribed to the deleterious effects arising from heterogeneous 
preci pi tat i on of equi 1 i bri um phases at rei n f orcement /matr i x 
i nterf aces (3,14) „ 


3 1 ud i e s of the f a t i g * a b c r a c k g r o w t h a n d t r a c t u r e 
toughness behavior of whisker reinforced metal matrix composites 
h a v e a 1 s o 1 3 e e n r e p a r t e d * 8 a r e s h and L e w 1 s ( 1. 5 ) h a v e s h o w n t h a t 

Kthr««hoid for 6.3 mm. thick whisker reinforced 2124 aluminum Is 
superior to that of the unreinforced alloy. Once again the 
fatigue crack growth rate in Stage II is lower fer the 
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POWDER METAL COMPOSITES 


H. J. Rack* and P. Ratnaparkhi* 
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Department of Mechanical Engineering 
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ABSTRACT 

This chapter reviews the fabrication, age hardening and 
mechanical response of powder metallurgy based discontinuously 
reinforced metal matrix composites. Principal emphasis is placed 
on SiC reinforced aluminum metal matrix composite materials. Fab- 
rication includes criteria for matrix and reinforcement selection, 
blending, compaction, primary processing (rolling, extrusion and 
forging) and secondary processing ( sheet forming, spinning and 
joining). The age hardening response of aluminum metal matrix 
composites is contrasted with unreinforced alloys, utilizing Al-Mg-Si 
and Al-Cu-Mg matrices for illustrative purposes. It is shown that 
the presence of the discontinuous reinforcement may alter the 
kinetics of matrix age hardening thru an acceleration of second 
phase nucleation and an increase in precipitate diffusional growth. 
Finally, the current understanding of those intrinsic and extrinsic 
factors which appear to control, and limit, the tensile ductility 
and fracture toughness of discontinuously reinforced aluminum metal 
matrix composites are discussed. 


• Respectively, Professor of Mechanical Engineering and Metallurgy, 


and Graduate Student 
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INTRODUCTION 


Modern design procedures continually strive to Increase 
structural efficiencies through reductions in either absolute 
weight or increases in the strength-to-weight ratio. Figure 1 
illustrates how, for a cargo-bomber aircraft application (1), 
reductions in material density, or increases in modulus ( stiffness ) , 
yield strength and/or ultimate tensile strength, can be directly 
translated to reductions in structural weight. For example, a 
10 percent reduction in alloy density, which can be achieved 
through substitution of Al-Li alloys for 2000 series aluminum alloys, 
will result in a 10 percent reduction in structural weight. 
Alternatively, a 50 percent increase in modulus, which can be 
achieved through substitution of a discontinuous silicon carbide (SiC) 
reinforced alloy for an unreinforced wrought aluminum alloy, 
will also result in a 10 percent reduction in structural weight (2). 
Indeed, it is possible to envision combining these effects thru 
the development of a reinforced Al-Li alloy (3-7). 

System trade-studies, such as outlined above, have been the 
primary motivating factor in the renewed interest shown in metal 
matrix composites. Initially, these investigations focused on 
continuous fiber reinforced materials emphasizing C, SiC, B, B* C 
or Alt 0 j filaments or towes(8-ll). Matrices of interest have 
included Al, Mg, and most recently Ti. Continuous fiber reinforced 
metal matrix composite fabrication has utilized plasma spraying, hot 
molding/superplastic diffusion bonding of foil/fibers laminates and 
pressure infiltration of woven preforms. Widespread industrial 
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application of theaa composites has however been limited by the 
high costs of both the reinforcement fiber, e. g. , 5300/lb for B, 

and the metal matrix component fabrication process. 

These cost-performance considerations have focused current 
commercial attention on discontinuously reinforced metal matrix 
composites, for example, silicon carbide whisker ( SiC« ) , 
particulate* SiC, ) and alumina/alumina-silica* Al a O» -SiO« ) 
reinforced aluminum* 12-16) . Discontinuously reinforced metal matrix 
composites benefit from substantially lower fiber costs, for example, 
52-3 per lb. for SiC, . In addition, discontinuously reinforced 
aluminum matrix composites can be fabricated utilizing standard 
or near-standard metal fabrication procedures, e. g. , rolling, 
sheet forming, spinnning, brazing, welding, investment casting, etc. , 
to yield materials with near isotropic properties* 17-24). Finally, 
several studies have shown that when careful attention is paid to 
processing detail, an extremely attractive combination of 
mechanical properties can be obtained, for example, a SO percent 
increase in stiffness can be achieved in SiC reinforced aluminum 
while maintaining adequate levels of strength, ductility and fracture 
toughness ( 25, 26 ) . 

Discontinuously reinforced metal matrix composites may be 
fabricated utilizing either ingot or powder metallurgy techniques. 

This chapter will examine powder metallurgy, P/M, based discontinuously 
reinforced metal matrix composites. While emphasize will be placed on 
SiC» and SiC, reinforced aluminum matrix composites, it should be 
recognized that the principles presented herein are applicable to a 
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vide rang* of discontinuously reinforced metal matrix composite systems. 
The chapter will initially review the general fabrication utilized in th« 
manufacture of these composites, and then consider how the age hardening 
response and mechanical properties of discontinuously reinforced powder 
metallurgy metal matrix composites differ from those of unreinforced 
alloys. 
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FABRICATION 


Figure 2 shove a generalized flov chart depicting the principal 
steps involved in the production of povder metallurgy, discontinuously 
reinforced metal matrix composites. These procedures, as briefly 
outlined below, are being routinely applied to the manufacture of 
13 inch diameter, 250 lb. SIC reinforced aluminum metal matrix billets 
with scaleability to 1000'*- lb. billets having been demonstrated ( 19 ) . 
Billet Fabrication 

Relnforcement-Hatrlx Selection 

The initial step in the manufacturing sequence involves proper 
selection of the discontinuous ceramic reinforcement and the matrix 
alloy. Various selection criteria for the ceramic reinforcement 
may be envisioned, the most important being: 

- elastic modulus 

- tensile strength 

- density 

- melting temperature 

- thermal stability 

- compatibility with matrix 

- thermal coefficient of expansion 

- size and shape 

- cost 

While mechanical and physical property requirements may often limit 
the reinforcement choices, the chemical reactivity of the ceramic 
reinforcement, during either fabrication or service, will oftentimes 
establish the final reinforcement-matrix combination. Recent 
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investigations 0, Sp.nc.r<27> - *-,23. suggest -even that 

it ... 0. possible to tailor ..trlx-relnforcement interisc. Tor 

sxssple. SIC, while possessing excellent mechanical strength 
moduli* i. thermodynamically unstable in alu.lnu. alloy, at - 

temperature. Selective coatings. .PPl- — — 

mey offer a cost effective method for combining these high s g 

reinforcements with matrices intended for long term exposure at 
temperature* 

is to be subjected to repeated thermal 
If the composite is to o j 

cycling, for ex.mpl occur in an internal combustion engine 

it l. imperative that the thermal mismatch between the proposed 
reinforcement and matrix be minimized. The Importance of this ml.m.tch^^ 
criteria can be appreciated by recognizing that, to a first app 
th e strain. IS. developed at the interface of a di.contlnuou.ly ^ 
reinforced metal matrix composite due to a single therm. 

& oc 4 T 

.her. .« 1. the difference between the there.! coefficient, of 
expansion for the reinforcement and the matrix, and IT 1. the 
rang, of temperature experienced during a thermal excursion, 
a orally * « — lb. yl.H — localized plastic flow at the 

y an rf damaae will accumulate, 

reinforcement-matrix interface will occur. 

Therefore, in order to minimize strain accumulation, 
expansion coefficient, between reinforcement and matrix should 

minimized. 

Da< nfnreeinent M . alilc 

Currently. SIC 1. the meet widely utilized dlecontlnuou. ceramic 
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reinforcement. This reinforcement is available in a range of sizes 
and morphologies as illustrated in Figures 3 and 4. The various 
morhologies may contain a (hep), fl(bcc) or a mixture of a and fl polymorphs. 
Transmission electron microscopy has also shown that these rein- 
forcements are heavily faulted, the degree of faulting varying as a 
function of reinforcement manufacturing method (29, 30) . Figure 5 
illustrates this heavily faulted substructure in a SiC whisker 
viewed perpendicular to its length. Detailed analysis indicates 
that, in this instance, the whisker has a zinc-blend structure with 
a high density of microtwins on (111) planes. Possibly most important, 
particularly from the viewpoint of ultimate mechanical behavior, is 
that this high density of microtwins or faults results in an uneven 
or serrated reinforcement surface, as shown along A in Figure S. 

Variations can also be observed in chemical composition, 
both within and between SiC morphological types, see Table 1. In one 
instance, that is for ACMC whiskers, the high Ca content has been 

traced to extremely fine Ca riched inclusions within the as-manufactured 
whisker ( 31 ) . 

Matrix 

Table 2 summarizes the wide range of alloys that have been, 
or are being examined, as possible aluminum matrices. Historically, 
wrought alloy compositions, e. g. , 6061, were selected as matrix 

materials ( 32-34 ) . These alloys were initially prepared as either 
elemental or pre-alloyed air/helium inert gas atomized powders. 

Currently however all suppliers of powder metallurgy discontinuously 
reinforced aluminum matrix composites utilize pre-alloyed powders. 
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Typically, powders utilized in the fabrication of diecontinuouely 
reinforced aluminum metal matrix compoeitee have a mean eize of 15pm, 
nominally -325 meah. Figure 6, and are either air or helium inert 

gas atomized. 

Numerous investigations ( 14, 35-38 ) have concluded that the minor 
alloying elements, tin and Cr, commonly included in wrought alloys 
are detrimental to the composites' mechanical properties. This 
deleterious effect has been related to the formation of large (Mn.Cr) 
containing intermetallic compounds during consolidation and subsequent 
processing. Such observations have resulted in the elimination of Mn 
and Cr in high strength metal matrix composites, Zr being substituted 
in many instances to insure adequate grain size control and deep 
hardenability. Further study (39) has also shown that leaner alloy 
compositions, that is alloys whose compositions lie on the lower 
end of what might be considered to be the standard alloy specifications, 
develop a better combination of strength, ductility and fracture 
toughness. 

More recently, matrix compositions which take full benefit 
of rapid solidification technology have begun to be examined. These 
include 7090(14,33), 7091(14,33), MR87(40,41>, Al-Fe-Ce ( 14, 42 ) and 

Al-Cu-Mg-Li(4). Unfortunately, early data indicates that the 7000 
series alloys do not appear to be promising candidate- for aluminum 
composite matrices. For example, overaging heat treatments, which has 
classically been used to enhance strength-fracture toughness trade-offs 
in 7000 series alloys, do not appear to be effective in composite 

systems. 
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Blending 

A dry or ..t bl.nding op.r.tion nor..lly folio.. ..Lotion 
of th. r.lnforo...nt and matrix po.d.r. Whil. oono.ptu.lly .LpL, th. 
bl.nding .t.p ultimately oontrol. .any of th. l.port.nt prop.rtl.. 
metal .atrlx oompo.lt.. are Int.nd.d to aohl.v.. If .hl.k.r. or .hort 
flbar. ar. to b. Inolud.d In th. oompo.lt. thl. bl.nding at.p .u.t 
b. pr.c..d«d by d..g,lo..r.tlon of th. r.lnforo...nt, Sko.ron.k 
et.al.,33) h.v. d..orlb.d on. ..thod for d..g,lo..r.tlon .hloh Involv.a 

ultrasonic agitation of alcohol flb.r .u.p.n.lon.. 

An important oh.r.ot.rlstlo of r.lnforo.a.nt /po.d.r bl.nd. 1. 

sho.n in Flgur. 7. Thl. flgur. sho.a a typical SIC .hl.k.r /aluminum 
powder bl.nd, not. th. large .1- difference b.t...n th. .hl.k.r r.ln- 
forc.rn.nt and th. matrix po.d.r, Thl. dlff.r.no. makes It Impossible 
to achieve uniformly high properties In .hlsker r.lnforo.d oomposlt.s 
that h.v. not undergone an ext.n.lv. amount of deformation prooesslng. 

If th. degree of deformation 1. ln.d.gu.t., .hl.k.r r.lnfor=.d po.d.r 
metallurgy compoeitea will always exhibit some degree of non uniformi y, 
l„d..d If blending and prooesslng ar. not optimized .hl.k.r slumping, 
early oraok Initiation and non-uniform pr.olplt.tlon .111 b. 
observed ( 44-48 ) . 

Th. lmport.no. of r.lnf oro.m.nt- po.d.r .lz. ..Lotion ha. also 
been .xt.n.lv.ly lnv..tlg.t.d by Hunt and co-.ork.r. at ALCOA, 40, 41 > . 
Th... investigators h.v. sho.n that. In particulate r.lnforcd aluminum 
„.t.l matrix oomposlt.s. optimal m.ch.nlc.1 r..pon.. regulr.s ..Lotion 
of a specific ratio of p.rtloul.t. to po.d.r slz., ... Flgur. S. 
Fortunately thl. ratio, one. determine, o.n ...Uy b. i- 
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p ar ticulat« reinforced aluminum m.t.l matrix ccmpoaltaa. Ho.av.r, 
the aame approach cannot be utilized In whisker metal matrix 
compoeitea. In the latter, the xhi.k.r diameter, ar. generally 
fixed within a rather n.rro. alze range<14>. In the latter 
compoeitee. mechanical working procedure, offer, the only potential 
for minimizing the detrimental effect, of di.eimil.r powder and 

reinforcement sizes. 

Consolidation 

Final billet fabrication lnvolwee cold compaction, outgaealng 
and hot ieoatactic or vacuum hot preealng. Figure 9. while the 
principal function of the cold compaction at.p 1. to provide a compact 

having some green atrength. it 1 ntl.l that the cold compaction 

deneitlea be controlled to insure an open lntf regnnee t lnq pore 
etructure. The latter ie extremely important elnc. it 1. theae channels 
which allow for the egr.e. of the various gaseous products that will be 

liberated during subsequent heating and outgaealng. 

Normally the detail, of the reinforcement-powder blend outgaealng 
procedures ar. considered proprietary by the composite m.nuf aotur.r, 
however they all involve, at a minimum, the removal, through the 
combined action of heat, vacuum and inert gas flushing, of adsorbed or 
chemically bound water and other volatile epeclea. Qutg.a.ing of SiC 
reinforced aluminum metal matrix oompo.it.. involve, removal of adsorbed 
water from both SiC and aluminum, aa well as chemically bound water from 
the aluminum alloy. The principal reaction, occurring during the 
outgaealng procea. are given in Table 3, where H. and H.O are the 
primary gaseous reaction products and *1.0. is tha primary solid 
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product (20, 49). 

The extent of the reactions which occur during outgassing of 
SiC, and SiC„ reinforced 6061 A1 blends is depicted in Figure 10. 

These data indicate that the observed reactions are strongly dependent 
upon reinforcement surface chemistry. Other investigators have also 
shown that the details of the reactions listed in Table 3 will be 
sensitive to the A1 alloy chemistry ( 50) . 

Once the desired isothermal temperature is reached, final 
consolidation is accomplished by pressure application. Selection 
of the consolidation temperature is typically based on the need to 
minimize the pressures necessary for complete consolidation without 
degrading the powder matrix. Preliminary data also suggest that 
dynamic compaction may be an attractive alternative when dealing 
with highly unstable rapidly solidified aluminum alloys(51). 

Finally, while both solid state and mushy zone consolidation 
temperatures have been employed, growing evidence suggests that 
higher tensile ductilities can be achieved following solid state 
pressing < 52 ) • 

After consolidation metal matrix composite billets are 
homogenized, scalped and inspected. Typical inspection criteria 
assure 96 percent theoretical density prior to subsequent 
processing. 

Primary Processing 

Consolidated billets, generally 98* percent theoretical 
density, can now be fabricated into a wide variety of shapes 
utilizing semi-standard metal working equipment. Because these 


li 



..t.n.i. 

..t.l matrix oo.po.lt.. .u.t be — - — “ 

proP . rti e.. ««, — — — 9 roiii ;:.;.: r 

and forging have all been demonstrated. Figure 

r c-i r f Kg^; can to® achisved n 
extremely uniform distribution of SIC 

„ he „ proper P rooe..lng P rooedures .re 
aluminum matrix composite, .hen prop P 

utllls., Th... Prooedur.. -* ~~ 

th . forming temperatur... -formation rate, and flo. conditions 

.re unigu.ly ld.ntlfi.0 .ith a.ch oompo.lt. .y.t.m, S 3,. 

Several method, of -Lctlng th. approprl.t. .train rate, 
deformation temperature, for dl.contlnuou.ly r.lnforo.d m.t.l matrix 
co.po.ite. have been .— ,1,1.13.—. -* sr. base 

experience or trial and error. One approach .hlch appear, 
further consideration utilise, the material-, true .tres.-true 
r .t. constitutive behavior a. a function of .train rat. an 
temperature , 56 > - If «- oon.tltutlv. behavior is 

represented by a relationship of the form. 

vhere m Is th. strain r.t. .en.ltlvlty, then th. deformation 

that 1. the amount of energy tr.n.formed into shape 

effiolen y, .ocumulatlon vlthln the material, 

change .ithout recourse to damage 

can be defined by 

2m 
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noting that m. 1. • -notion of both temperature and .train rate. 
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Optimal processing conditions of strain rate and temperature can 
then be defined, at least to a first approximation where ^ is 
maximized. 

Figure 12 illustrates the application of this principle to 2124 
reinforced with 20 volume percent silicon carbide whiskers ( 57 ) . 

This data suggests that the optimal deformation temperature and strain 
rate conditions for this composite system are 485* C and 10* 4 sec* 1 . 

The attainment of maximum useful work, as defined above, should be 
considered to be a necessary but not sufficient condition for establishing 
optimum deformation parameters. For example, Gegel et. al. (57) have also 
shown that this maxima in 2124 reinforced with 20 volume percent SiC 
whiskers, is associated with nearly complete dynamic recovery, higher 
temperatures and rates leading to incipient melting, lower temperatures 
and rates to dislocation accumulation. In contrast, it is well 
known that maximum toughness in wrought aluminum alloys is generally 
associated with an unrecrystallized grain structure. Indeed, further 
experimental examination of the microstructural conditions associated 
with optimized processing of SiC reinforced 2124 has reconfirmed the 
latter concepts and have resulted in the deformation temperatures being 
lowered to 400*C(25). 

In addition to appropriate selection of deformation temperature 
and strain rate, optimal thermomechanical treatment of aluminum 
metal matrix composites requires control, particularly during extrusion 
and forging, of metal flow conditions. While initial attention in this 
area was focused on whisker and short fiber composites, the aim being to 
minimize whisker/fiber breakage while controlling orientation. 
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Greenfield (38) he. recently demonstrated that p.rtlcul.t. size. end 
orientetion. ere elec effected by deform. tion processing. 

Figure 13 ach.m.t ically compere, tec extruelon die geometrie. 
currently employed for di.oontinuouely reinforced elumlnum metal 
matrix compo.it.e ( S4 ) . Figure 13(e) ehox. the flo. field. 
ee.ocl.ted „ith e .hear feed die. ehll. Figure 13(b) ah... tho.e 
of -stream-line* flc. die. The letter die conf igur.tlon he. been 
deelgned to el.ulete hydro.t.tic flo. condition., eliminating the 
re-entrant corner, end -deed- cone. .her. reinforcement in .hear faced 
die. ere forced to undergo eh.rp velocity dlecontinultlee. While it m.y 
be argued that normally all required ahape. can be extruded utilizing 
shear faced die.. Table 4 ah... the potential benefit, that can be 
achieved .hen the etre.m-lined die design approach, a. combined «ith 
the deformation mapping approach described previously. 1. applied to 
the extruelon of 2124 containing 20 volume percent SIC .Makers. 

Minimum whisker damage occurs. 

Finally, measurements of .Maker orientation further sugge.t that 
only moderate extrusion ratio’s .ill be required for essentially complete 
alignment of SIC reinforcements. Figure 14. While this alignment can be 
beneficial, for example, near rul.-of -mixture el.etlc moduli can 
be attained in properly proceed extruded .hlsk.r reinforced 
aluminum alloy.. Figure 15, it. presence can result, at least in .Maker 
and short fiber dl.contlnuou.ly reinforced composites, in a highly 
anisotropic fracture behavior ( 60 ) . 

Coi-.nndarv Pro cessing 

Secondary processing procedures which have been successfully 
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applied to discontinuously reinforced aluminummetal matrix composites 
include shear spinning ( 22 ) , superplastic forming (61 -65) and 
joining ( 23, 24 ) . For example, Figure 16 illustrates that elongations 
in excess of 300 percent can be achieved in SiC whisker reinforced 
2124 thru proper selection of temperature and strain rate. Of 
particular technological interest is the fact that the strain rates 
associated with superplastic behavior in these materials are rather 
high when compared to those reported in other structural materials. 

Reinforced aluminum composites may also be welded using a variety 
of processes. However, two precautions should be observed. First, 
since they are powder products, it is essential that the composites be 
thoroughly outgassed, for example by vaccum annealing, prior to welding. 
This procedure will assist in minimizing subsequent porosity in the weld 
fusion zone. Secondly, the weld energy input should be carefully 
controlled to prevent or minimize the reaction between SiC and aluminum, 
this reaction leading to the unwanted formation of A1«C>. 



AGING RESPONSE 


Several comparisons of the age hardening response of unrein- 
forced and reinforced powder metallurgy discontinuously reinforced 
aluminum metal matrix composites have been reported< 12, 14, 15, 18, 66-70) . 
In general these studies, relying principally upon hardness data, 
have indicated that the introduction of a discontinuous rein- 
forcement results in an increase in the maximum hardness attained 
during aging and a decrease in the time necessary for achieving this 


hardness. 

Al-Ma-Sl Matri x Alloys 

Figure 17 .ummarlxe. th. artificial aging re. pan.. of < direct 
quenched end eged unreinforced and reinforced Al-Mg-Sl alloy, 
in both material, th. h.rdn.s. incr.a... elth Incr.aelng aging time, 
with overaging being obeerv.d after aging at either 155- or 170- C. 
Time, to attain maximum h.rdnee. are ahort.r for th. reinforced alloy 
ulth overaging being more rapid. Further, higher h.rdnee. level, may 
for both unreinforced and reinforced material., be achieved by agin, 
longer time, at leer temperature.. Finally, the degree of age 
hardening 1. 1... and h.rdn... level, obtainable higher In th. rein- 
forced Al-Mg-Sl alloy vhen compared to the unreinforced. 

Tr.n.ml..lon electron mlcro.copy ha. «ho«n that the aging 
eequence ob..rv.d in unr.lnforced and reinforced Al-Mg-Sl 
compo.lt.. 1. ea.entl.lly that pr.vlou.ly reported In Ingot 


alloys ( 66, 70-71 ) , i. e« , 

SSS — ► GPZ *' 

where SSS 3 supersaturated 


*B' fl(Mg.Si) 

solid solution, GPZ = vacancy rich 
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Guinier-Preston zones, fl' ' a needle shaped semi-coherent phase, 
fl' = a rod shaped transition phase and fl * incoherent equilbrium 
Mg, Si. However, the details clearly dependent upon the presence 
of the reinforcement phase. For example. Figure 18 shows the 
morphology and distribution of precipitates observed in a peak aged 
(12 hours at 160*0 unreinforced alloy. Matrix preciptates include 
semi -coherent fl' ' and fl' needles and lathes, with A (Mg, Si) 
precipitation at prior powder boundaries. This microstructure 
should be contrasted with that shown in Figure 19 for peak aged 
SiC M reinforced 6061. In the latter, no identifiable fl , fl or 
fl precipitates are observed, rather maximum age hardening appears 
to be related with the presence of extremely fine particles(< 10 pm). 
Al-Cu-Ma Matrix Alloy 

The artificial aging response of a typical unreinforced and 
reinforced Al-Cu-Mg alloy is shown in Figures 20 and 21. Once 
again, the results indicate that artificial aging is enhanced in 
the SiC reinforced alloy, relative to that observed in the unreinforced 
material. Maximum hardness obtainable in the direct quenched and aged 
reinforced composite is higher and the time required for attaining this 
hardness is shortened. It should be noted however that the aging 
response of reinforced Al-Cu-Mg alloys appears to be quite sensitive to 
experimental detail, that is section size, quench rates, delays. 

For example, Christian and Suresh(67) have reported that the hardness 
of unreinforced and reinforced 2124 is nearly identical. 

In addition, the detailed comparison of aging in unreinforced and 
reinforced Al-Cu-Mg is quite complex. For example, aging below 
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l50 -C results in . number of h.rdn.s. elnl.e, the tie., for 
attaining thee, elnl.e decreasing .1th the introduction of the SIC 
reinforcement. Hov.v.r, the tie. et con.tent .gin, te.per.tur. for 
Initial S' foraation, a. determined by the time for the initial 
mere... in the electrical conduct ivlty (71 . . 1. got altered by 

the introduction of the SIC reinforcement. 

Continuing tr.na.ie.lon electron microecopy and X-ray an.ly.l. 
ha. shown that the aging eedu.no. obeerv.d in unr.lnforced and 
reinforced Al-Cu-Hg matrix co.po.lte. 1 that pr.vlou.ly 

reported in ingot alloys <72, 73) , i. » 

sss pGPB ► S ' ( Al. CuMg > s ( A1 * CuMg > 

where SSS = supersaturated solid solution. GPB = Guinier-Preston 
zone. S’ = aeml-coherent intermediate pha... S = incoherent 
equilibrium pha... Again, the detail, -re dependent upon 
the presence of the reinforcement and. a. noted above, on the 
aging procedure.. Figure 22 ehc. that the rat. of S’ gro.th 
1. higher in direct quenched and aged .hl.k.r reinforced 2124 

then in unr.lnforced 2124. If aging 1. by 

holding at roo. temperature prior to artificial aging, a reverse 

impression of the influence of reinforcement on the six. of S’ 
ssy h. obtained. Figure. 23 and 24. Figure 23, taken from earlier 
studies of natural plus artificially aged unr.inforc.d 2124 .hove 
both S’ and S Pha... present in the matrix, .1th the S phase also 
heterogeneously precipitated at prior po.d.r particle boundari... 

This micrograph should bs contrasted with the refined S 

W 4 „ Fiaure 24 for natural plus overaged 

phase distribution shown in Figure 

reinforced 2124. 
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These differences in age hardening response between unreinforced 
and reinforced powder metallurgy aluminum composites have been 
attributed by several to the presence of a dislocation substructure 
in the reinforced material. This substructure is introduced into the 
reinforced composite during cooling from the solution treatment 
temperature through plastic relaxation of the reinforcement-matrix 
thermal expansion mismatch strains. Various authors( 45, 66, 70, 74 ) 
have reported that the dislocation density of the reinforced aluminum 
matrix, in contrast to unreinforced alloys(78>, is both high and 
non-uniform. For example, Vogelsang et. .1.(75) have shown that the 
dislocation density at the reinf orcemerit-matrix interface in 
as-quenched 6061 reinforced with 20 volume percent SiC. is high, 
10‘»/cm«, and decreases with increasing distance from this 
interface. Similar results have also been obtained in Cu-W 

composites (76, 77). 

It is possible that this dislocation substructure may have two 
separate, but interrelated effects, on age response in reinforced 
aluminum composites. The first, would be an increase in the nucleatior 
rate of certain phases, to the possible exclusion of others, the 
second, an increase in precipiate growth rates through enhanced 
dislocation assisted diffusion. The former instance may be 
rationalized by considering the effect of the presence of a dislocatior 
substructure on the steady state precipitate nucleation rate, J, as 

represented by (76): 

J = Z fl* N exp(-&G*/kT> 
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where Z ie the Zeldovich non-equilibrium factor, fl* the rate at 
which solute atoms are added to the critical nucleus, N the number 
of nucleation sites per unit volume, the Gibbs free energy for 

the formation of a critical nucleus, k is Boltzmann's constant, 
and T is the absolute temperature. The volumetic nucleation site 
density, N, in the presence of a dislocation field, is expected to 
be proportional to the dislocation density,/ 9 ,, times the number 
of sites per unit line length, i. e. , 


N = 4 / • 

„ h . r , a is the la 1 1 let’ conatant. Thar.for. tha nuclaatlon rata 

should Increase .1th Increasing dislocation density. In addition, 

the presence of the dislocation substructure .ill tend to reduce 

the free energy barrier to nucleation, AG- . This decreaae la 

due to the effective decrease In the volua. strain energy accompanying 

the formation of a critical nucleus »h.n the latter event occur. 


in the presence of a dislocation line. 

A schematic Illustration of the possible combined effects of 
dislocation d.n.ity strain and aging temperature on the steady 
state nucleation rata Is sho.n In Figure 23. If the aging 
temperature 1. lo., for example, belo. T. in Figure 24, .her. 
formation of homogeneously nucleated phases, a. g. , GP zones, 
predominate, the presence of a dislocation substructure .111 have 
little effect on the nucleation rate. In contrast, at temperature, 
above T., .her. nucleation of phases, e.g.. ...l-coherent transition 
phasas, can be enhanced by the presence of additional heterogeneous 
nucleation sites, pr.clpt.tlon rata. In reinforced alloy, should be 
higher than in unrelnforcad materials. Further, as depicted 
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Figure 25, the temperature regime over which the transition phase 
is preferentially nucleated may be altered by the introduction of the 
dislocation substructure. Currently available results (66, 70) indicate 
that this analysis can explain the variations in aging response 
between unreinforced and SiC reinforced Al-Mg-Si alloys. 

However, this analysis does not appear to be consistent with 
the present data on direct aged SiC reinforced Al-Cu-Mg composites. 
Available information indicates that the dislocation substructure 
observed in SiC reinforced Al-Cu-Mg alloys does not influence the time 
for initial S' formation. In addition, the size and growth rate of S' 
in direct aged composites are larger than in unreinforced alloys. 

These observations suggest that the primary role of the dislocation 
substructure in Al-Cu-Mg composites is to provide a short-circuit 
path for enhanced diffusion. 
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mechanical behavior 


The mechanical behavior of dl.contlnuou.ly reinforced elu.lnne 
matrix oo.po.lte. ha. been ex.alned by nueerou. inve.tlg.tor.. 80-100). 
Figure 26 .hove that In an 1100 alu.lnu. e.trlx, .her. th. ooapllo.tlng 
effect of precipitation h.a been eliminated. Inor.a.lng th. volua. 
fraction of reinforcement r.eult. In an Incre... In el.etlc modulue. 
yield and ultimate t.n.lle etr.ngth and a decre... In t.n.ll. elongation. 
Thl. data further d.mon.tr.te. that, at conetant volume percent rein- 
forcement, vhi.k.r reinforced aluminum co.po.lte. exhibit higher etlff- 
n...', higher yield and ultimate t.n.ll. etrengthe. and lover t.n.ll. 
elongation.. Similarly, th. fracture toughn... of particulate r.in- 
ferced aluminum metal matrix compc.lte. tend., again at conetant volume 
percent reinforcement, to exceed that of vhleker reinforced aluminum 
co.po.lt... Figure 27. Th. latter figure alec d.mon.tr.te. that th. 
toughn... of alu.l matrix co.po.lte. 1. a dl.tlnct function of 

thlckn..., increasing vlth deorea.lng thlckne... 

The... and ether 99-* that differing factor, may 

control th. t.n.lle ductility and fracture toughn... of dl.eontlnuou.ly 
reinforced alu.lnu. alloy.. Void Initiation during t.n.ll. loading ha. 
been v.riou.ly ...delated vlth pr.-.xi.tln, ..trix vold.<99., cracked 
reinforcement. (89,90), large lnterm.talllo(*l..Cu. (Cr, Fe>, > par 
tide., S10. Inclusion, and large SIC particulate p.rtlcle.OS, 26, 38. , 
...11 solute rich con.titu.nt particle.. 14, 38. , vhi.k.r and particulate 
duster. ( 40, 41, 44, 46, 84, 92, 93 > and vhl.k.r-..trlx Interface.. 87, 88, 97 . . 
Void initiation ...eclated vlth large SIC particle, and *1, Cu rich 
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constituent psrticlss srs iilustr.tsd in Figure 28. 

Rscsnt lsprovsmsnts in p.rtlcul.t./po.d.r sizing, bl.nding snd 
defection proc.s.ing h.v. l.rg.ly sll.in.tsd pr.sstur. tsn.il. f.ilur. 
du. to pre-existing void, snd reinforcement clustering (40. . L.rg. 
i„t.r..t.lli= p.rticles, SiO. inclusion, .nd SiC psrticul.te. c.n be 
eli.in.ted by sinisizing Cr, F. .nd Hn .ddition. to the s.trix .Hoy, 
con.olld.tlng belo. the .lloy solidus .nd c.r.ful selectlon/screenlng 
of the whisker .nd p.rtlcul.t. reinforc.s.nt., respectively- Fln.lly, 
the of ...11 ..dissolved solute rich constituent p.rticles c.n 

b. sinisized by reb.l.nclng the s.trix eh.mlstry. 14, . These steps, when 
taken together, h.v. resulted in the f.bric.tlon of di.contlnuo.ly rein- 
forced aluminum m.t.l s.trix composite, having tensile elongations con- 

aiatently above 5 percent ( 25, 40 ) . 

Ultimately, the .tt.lnm.nt of higher tensile ductility of SiC 

reinforced .lu.lnu. composites will be limited by the intrinsic proper- 
ties of the matrix .nd reinforcement. For .tudle. 

(14 ,40,41, indict. th.t in 7000 series .Hoy. h.t.rog.neou. precipita- 
tion of MgZn. occur. »t the r.lnforc...nt-m.trlx interface. Subsequent 
tensile defection of these composite, will result in low elong.tlon. 
d „e to early void initl.tlon .t the pr.clplt.t. -reinforcement interface. 

Others, Hutt et . 1 ( 87 , 88 . 97 ,. h.v. observed void inltl.tion .t . 
presumably precipitat. free vhiakar end-matrix interface in SiC vhiaker 

4 l i nvfl Here void initiation occurs by atrain local- 

reinforced aluminum alloys. Her 

, . K whiaker aa depicted achematically in Figure 
ization at the end of the whisker, aa o-f 

29. Void formation initially occura at the interface between the whisker 
end and the matrix, with void growth programming acrom. the whi.ker end. 

* similsr void initi.tion ..ch.nl.m c.n be envisioned for p.rtlcul.t. 
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reinforced eet.l e.trix ooepo.lt.. .her. void initiation could occur et 

sharp corner particulate stress concentrations. 

Alternatively, the reinforcement may fracture under the action of 
the tensile stress and a void form at the intersection of the fractured 
reinforcement and the matrix. While no direct experimental evidence 
has been yet been presented to support this hypothesis, it is well known 
that reinforcement, both whiskers and particulates, do crack during 
mechanical processing. In addition, both particulate and whisker rein- 
forcements have a heavily faulted substructure, which Wawner(102) has 
shown, during in-situ straining within the electron microscope, to be 

preferred paths for crack propagation. 

Finally, theoretical studies (101) indicate that at high volume 
fractions, or small spacings, direct matrix void initiation may occur. 
For example, for two cylindrical inclusions,' when widely separated, 
the location of maximum elastic stress concentration will be at the 
inclusion-matrix interface. However, as the spacing between the 
cylindrical inclusions approaches the inclusion size, the location 
of the maximum stress, and pre.ummably the maximum strain concentration, 
shifts to the midpoint between the two particles. This analysis, when 
applied to discon tinuosly reinforced aluminum metal matrix composites, 
predicts that, as the volume fraction of constant sized reinforcement 
increases, the void initiation path should change from on. which favors 
the reinforcement-matrix interface to one which favors matrix fracture. 
Some support for this hypothesis is given by the f r.ctogr.phic results 
of You et si (98) who found that tensile failure of 20 volume percent 
a-SiC particulate reinforced 2124 occurs in a random fashion through 
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th. con.po.it., rath.r th.n .liking out SIC p.rtlcul.t... 

Much 1M 1« known .bout th. factor, controlling th. f.tlgu. 
and fractur. toughn... behavior of dl.contl»uou. -t.l a.trlx co.po.lt... 
Flgur. 30 .ho., that th. long lif. f.tlgu. b.h.vlor of .hi.k.r r.inforc.d 
aluminum co.po.lt.. 1. far aup.rlor to th. unr.lnforc.d alloy, .hll. that 
of p.rtlcul.t. r.inforc.d compo.it.. 1. .imil.r to th. unr.lnforc.d 
matrix. D.tail.d mlcrc.trucur.l .tudi..( 47. 102) indict, that th. 
benefit, of th. r.lnforc...nt can b. attribute to an Incr.... In 
th. number of cycl.. r.qulr.d for f.tlgu. crack Initiation, th. number 
of cycle, m th. f.tlgu. crack gro.th r.glm. b.ing limited. Thl. 
conclu.ion appear, to b. .ub.t.ntl.t.d by th. mv.il.bl. data on th. 
f.tlgu. crack gro.th r..l.t.nc. of r.lnforcd aluminum alloy.. Flgur. 31 


.ho., that K threshold for 6. 4 mm thick p.rtlcul.t. r.lnforcd 7000 
..riea, MB78, aluminum alloy 1. similar, or Inferior, to th. unreinforc. 
matrix. At higher d.lt. K. that 1. .ithim Stag. II, th. crack gro.th 
rate, of p.ak-.g.d r.inforc.d MB78 ar. .lo..r th.n th. unr.lnforc.d 
matrix alloy, until at rath.r lo. d.lt. K-. un.t.bl. crack propagation 
occur.. 0th.r.<95) h.v. .ho.n that K thchold for 6.3 mm thick .hi.k.r 
r.lnforc.d 2124 aluminum 1. generally -up.rlor to th. unr.lnforcd alloy, 
... Flgur. 32. One. again th. f.tlgu. crack gro.th rat. In Stag. II 1. 
leer for th. r.inforc.d alloy vl. a vl. th. unr.lnforc.d matrix until 

Stag® III, unstable crack propagation, occur®. 

Further atudy(94) ha® also shown that K,», at least in 5.3 mm 
thick .hl.ker r.inforc.d 2124, may b. ..n.ltiv. to h.at tr.atm.nt, er- 
asing resulting in an Incr.... in Flgur. 33. That thl. 1. a 

matrix .ff.ct 1. clearly d..on.tr.t.d by th. .imil.r r..pon.., 1. - . « 
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increase in K. * , observed in unreinforced 2124. 

Interpretation of at least the whisker results are further com- 
plicated by recent studies (60) which indicate that the details of fatigu 
crack growth and unstable crack propagation in whisker reinforced 
aluminum alloy composites are extremely sensitive to both sample thick- 
ness and far-field stresses. Figure 34 shows scanning electron micro- 
graphs of the fatigue pre-crack regions in thin<3 mm> compact tension an 
thick (12 mm) center cracked fracture toughness samples, both having beer 
prepared from a 12.5 mm thick, 20 volume percent reinforced 2124 extru- 
sion in the L-T orientation. Clearly, Figure 34(a) show, the large 
amount of local, whisker associated crack deflection, which might be 
expected in oriented short fiber discontinuou.ly reinforced composites. 
However, f ractographic examination of the center cracked 12 mm thick 
samples did not show any evidence of localized crack deflection, Figure 

34(b). 

Not only la tha fracture toughnaaa of aluminum natal matrix 
compoaltaa a function of ralnforoamant contant, thlcknaa. and far-flald 
atraaaaa It la lnfluancad by both tharaal and machanlcal procaaalng 
(14,25,35,41). Than# oba.rv.tlona auggaat that th. fr.ctur. toughnea. 
of thaae m.tarlala can baat b. und.ratood by aapar.tlng poa.lbl. 
toughening mechanleme Into their intrlnelc and axtrlnalo component a < 103 
Intrineic compon.nt. .hlch ar. expected to contribute to th. toughnea. 
of dlacontlnuoualy r.lnforced metal matrix compoaltaa Include matrix 
heat treatment and th. volume fraction, aide and .pacing of .mall 
conatltuant incluelone<typlcally leaa than 0.1 pm In elze). 


26 


The former will influence the ability of the matrix to relieve 
the stress concentration associated with the propagation of a 
sharp crack by localized plastic deformation, while the latter 
will influence the composites' propensity towards void sheet 
formation. 

Extrinsic components which are expected to contibute to the 
fracture toughness of discontinuously reinforced metal matrix 
composites include fiber size, spacing, uniformity of spacing and align- 
ment. For example, recent investigations have shown that the 
fracture toughness of whisker reinforced sheet can be materially enhance 
thru proper control of thermo-mechanical processing procedures, see 
Figure 35. Thin sheet fracture toughness values reported in this figure 
are equivalent to those that would be expected from unreinforced 2000 
aluminum alloys heat treated to the higher strength levels obtainable in 
SiC reinforced alloys. 
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TABLE 1 


Element 

Ca 

Mn 

A1 

Mg 

Fe 

Cr 

Ni 

K 

Na 

Cu 

B 

Li 

Ti 


BULK CHEMICAL COMPOSITION FOR SiC REINFORCEMENTS 


(ppm) 


WHISKERS 


ACMC 

EP 

LANL 

TATEHO 

3700 

2000 

5000 


2400 

3500 

<50 


1300 

1500 

800 

600 

800 

485 

120 

1500 

500 

670 

50 


<50 

- 

<25 


<50 

<10 

50 


<50 

<10 

<300 


<50 

<10 

<100 


<25 

<25 

400 

3800 

<10 

<10 

<10 


<10 

<10 

<30 


<10 

<10 

<50 




PARTICULATE 

SPHERICAL 

TOKAI 

SUPERIOR 

IBIDEN 

1300 

20 
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FIG. 18 - Transmission electron micrograph of unreinforced 6081, 
solution trsatsd for 1 hour at 560* C, water quenched and aged 12 
hours at 160*C(38). 

FIG. 19 - Transmission electron micrograph of 6061 reinforced with 
20 volume percent SiC. , solution treated for 1 hour at 538* C, 
water quenched and aged 12 hours at 155* C. 

FIG. 20 - Artificial aging response for unreinforced 2124, 
solution treated 1 hour at 495* C, water quenched and direct aged. 

FIG. 21 - Artificial aging response for 2124 - 20 v/o SiC., 
solution treated 1 hour at 495* C, water quenched and direct aged. 

FIG. 22 - S' precipitate size versus aging time at 177* C for 
unreinforced and reinforced direct quenched and aged 2124(67). 

FIG. 23 - Transmission electron micrograph of unreinforced 
2124, solution treated at 495* C for 1 hour, water quenched, 
naturally aged for 24 hours at 25* C and artificially aged for 100 
hours at 100* C. 

FIG. 24 - Transmission electron micrograph of 2124 

reinforced with 20 volume percent SiC. , solution treated 1 hour at 
495 * C, water quenched, stored for 2 hours at -196* C, naturally 
aged 24 hours at 25* C and aged for 64 hours at 175* C. 
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FIG. 25 - Schematic representation of the effect of dislocation 
substructure on the steady state nucleation rate. 


FIG. 26 - Influence of SiC content on the tensile properties of 1100 
aluminum composites ( 80 > . 

FIG. 27 - Fracture toughness of particulate and whisker reinforced 2124 
aluminum metal matrix composites ( 33 > . 

FIG. 28 - Scanning alactron aicrographa of tenelle fractura Initiation 
fro. (a) • large SIC particle and (b) Al.Cu rich conetltu.nt particle. 1. 
20 volume percent SIC .Maker reinforced 7091 and 2124, reepectively. 

FIG. 29 -Schamatic void Initiation model for SiC .hlek.r reinforced 
aluminum metal matrix composites ( 97 ) . 

FIG. 30 S-N curves for SiC reinforced 6061 aluminum ( 102) . 

FIG. 31 - Variation In fatigue crack gro.th rate. (d./dH) .1th nominal 
atr.ee- int.n.lty rang. <AK> at B ■ 0. 1 for SIC particulate reinforced 
MB78 in peak aged condition ( 86 ) . 

FIG. 32 - Variation In fatigue crack gro»th rate. <d./dM> .1th nominal 
atreea-inteneity rang. <*K> at R • 0. 1 for SIC .hl.k.r reinforced 
2124 aluminum ( 95 ) . 
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FIG. 33 - Near threshold fatigue crack growth rates for SIC whisker 
reinforced 2124(94). 

FIG. 34 - Scanning electron micrographs of fatigue pre-crack region In 
L-T oriented (a) 3 mm compact tension and (b) 12 mm thick center cracked 
2124 - 20 v/o SIC* fracture toughness specimens removed from 11.5:1 
12. 5 In. thick extrusion. 

FIG. 35 - Fracture toughness comparison for unreinforced and SIC whisker 
reinforced aluminum sheet (104). 
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water quenched and aged 12 hours at 155* C. 
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There are, however, no standard procedures available for determining 
consistent fracture toughness properties. It is, in fact, not at all clear 
what is meant by "the fracture toughness" of MMC, although at the present 
time most of the toughness values reported in the literature are obtained 
using standard test methods developed for metals. 

For most isotropic metals a plane-strain mode I (Kjc) > fracture 
toughness obtained by following the test procedures outlined in ASTM E-399 
[1] has essentially the same validity as other material properties such as 
the extensional modulus. The same degree of consistency does not appear to 
exist for some MMC systems, and while particular difficulties have been 
discussed in the literature, [2,3,4], to the authors’ knowledge no 
comprehensive comparative study has been presented. The primary purpose of 
the investigation reported here was to provide a detailed record of the 
fracture behavior of the whisker reinforced material when tested using E-399 
guidelines . 

It is reasonable to expect the fracture toughness for the MMC to change 
with fiber orientation just as the strength and stiffness does. It is not as 
clear that test specimen geometry should make a significant difference. Some 
studies though, [2,3] for example, have indicated that this is the case and 
it has been suggested that a compact-tension test specimen is not as good 
as a center-notched coupon. While it is possible to use only center-notched 
coupons in the laboratory, edge cracks do form in structures. Questions that 
must be asked then are: do the standard linear elastic fracture mechanics 

(LEFM) test methods work for this material, even if we accept different 
behavior depending on fiber direction, and how do we obtain fracture data to 
use in design? 

One of the fundamental precepts of LEFM is that the stress field in the 
very near vicinity of the crack tip controls the fracture behavior. In 
particular, the stresses have a square-root singular form and this singular 
term alone is sufficient to predict fracture. Under a pure opening (Mode I) 
stress field the three test specimens used in this study, compact- tens ion, 
center-notched and edge-notched, have an explicit relationship between the 
coefficients of this singular stress term (i.e. the stress intensity factor). 
For many metals one can accurately predict fracture for all of the specimens 
by testing only one geometry. 

If the whisker reinforced composite is viewed as an orthotropic 
continuum, the stresses are also square-root singular [5], and again the 
coefficient of the singular term for an edge-notch is directly related to the 
corresponding coefficient in a center-notched panel. In fact, the mode I 
stress intensity factor is exactly the same as for the isotropic case. If 
LEFM is applicable for this orthotropic material, the test results should 
also be consistent with the analytical stress intensity factors. 

Some early work by Reedy [6] using continuous fiber unidirectional 
boron/aluminum MMC laminates pointed out the inability of LEFM to predict the 
fracture toughness of the continuous system. Reedy found that drastically 
different values of fracture toughness could be obtained in those composites 
through variations in test specimen geometry. This paper extends Reedy s 
work to give a similar comparison of the crack growth and fracture behavior 
for a whisker reinforced material, using ASTM E-399 [1] procedures for the 
testing. 
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A parallel study is also underway, as part of the research in [7], to 
consider a more complete fracture criterion. It has been shown by Sih [8] 
that mixed mode fracture for isotropic materials can be predicted by a strain 
energy criterion. A related strain energy criterion is being investigated 
and will be compared with the present experimental results. In addition to 
this mechanics based research, a materials phase of [7] is being considered 
under the direction of Professor Rack at Clemson. The results of that effort 
will be reported elsewhere. 


EXPERIMENTAL PROCEDURE 

The material used in this study was 2124 aluminum reinforced with 10 and 
20 volume percent F-9 SiC whiskers. The fabrication was a powder metallurgy 
process as described in [9]. The material was produced in billets and then 
extruded into 127 mm wide by 12.7 mm thick plates. The extrusion ratio was 
11.5:1, resulting in a very uniform alignment of the SiC whiskers in the 
extrusion direction, both with respect to width and thickness. A detailed 
description of the fiber distribution will be given in the final report of 
[7], The material was tested in the as-extruded (F) temper. 

For metals, the compact-tension specimen is an accepted design used to 
determine the mode I, plane strain, fracture toughness, Kjq. Very specific 
guidelines and test procedures are given in [1], The center-notched and 
edge-notched coupons are not covered in [1], but the same procedures were 
used for those specimens. That is, the criteria for obtaining ‘Valid” 
fracture toughness results were applied to all three specimens. 

Figure 1 shows the test coupon geometries with the compact-tension (CT) 
specimen designed according to ASTM-E-399. The CT coupons were tested with 
thicknesses of 12.7 mm (plane-strain) and 2.54 mm (plane-stress). The thin 
specimens were obtained by machining both sides of the 12.7 mm stock. 
As indicated above, work by Rack and Prabodh [7] found the fiber distribution 
to be very uniform through the thickness for this material. The 2.54 mm 
coupons were then essentially the same material as the plane-strain coupon. 
The center-notched (CCT) and edge-notched (SENT) coupons were only tested in 
12.7 mm thickness. All specimens had straight-through starter notches. 

The fatigue loading during pre-cracking was done at between 20 and 40 
cycles per second, starting with a maximum load equal to 50 percent of the 
estimated fracture load. The loads were gradually increased, maintaining a 
load ratio of minimum to maximum value of 0.1, until crack initiation was 
detected. Crack growth was monitored with a traveling microscope and a COD 
gage. A strobe light was used to assist in following the fatigue pre-cracks 
as they were extremely tight, especially at short lengths. In general, all 
specimens were much more difficult to pre-crack than an all-aluminum coupon. 
The difference between the maximum load (or K) required to initiate a fatigue 
crack and the load giving unstable growth (fracture) was very small. That 
is, the da/dn vs AK curve was steep. All tests were run under load control 
and a load reduction procedure was used during fatigue pre-cracking. Most of 
the testing was done using an MTS-880 servo-hydraulic machine; however, some 
of the 20 volume percent CCT coupons were tested in an Instron 800 machine. 
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The detailed procedures of E-399 were followed in all tests and those 
requirements on the size of the specimen and manner of testing were all met. 
In order for the tests to give a valid fracture toughness measure, specific 
requirements were imposed on the results. The most fundamental of these are 
listed below, and will be compared to the test results. 

1) Self-similar crack growth (8.2.4 of E-399). 

2) The crack front at the end of the fatigue pre-crack stage should be 
relatively flat. The difference between surface crack length and the average 
crack length should be no more than 15% of the average, with 0 . 45W<a<0 . 55W . 
(8.2.2 of E-399). 

3) The maximum value of the mode I stress intensity factor, K, during 
the terminal fatigue crack growth stage must be less than 60% of K at 
fracture. (A. 2. 4 of E-399). 

4) From the test record of the load vs COD results, the 95% tangent 
line (i.e. having 95% the slope of the tangent to the initial linear part of 
the curve) must intersect the curve at a point Pq such that P m ax/^Q - 1-10- 
(9.1.1 and 9.1.2 of E-399). 

The equations used to calculate K, the mode I stress intensity factor, 
for the three different specimen geometries, are given in the following 
references. For the compact-tension specimen the equations in section A4.5 
of e-399, [1] were used. The equation for the center-notched coupon (CCT) 

with clamped ends and a free length— to— width ratio of 1.5 was taken from 
reference [10], and is accurate for 2a/W£0.6. The appropriate equation for 
the single edge— notched coupon (SENT) is given in reference [11], and is 
accurate for a/W<0.6. These equations are for isotropic materials but, as 
discussed above, the mode I stress intensity factors are the same in an 
orthotropic material. In all cases the stress intensity factor K is of the 
form K=PF(a,W). Values of K corresponding to Pq and P max were then obtained 
from the appropriate equations and are designated Kq and % respectively. 
For a metal, if all the criteria are met, the conditional value Kq is then 
denoted by Kjq and is called the plane-strain factor toughness for the 
material . 


RESULTS 

The test program with resulting values of Kq and K^ is given in Table 1, 
where the L-T designation indicates that the loading was in the extrusion 
direction and the machined notch in the transverse direction. The T-L 
designation corresponds to loading perpendicular to the extrusion direction 
with the initial notch being parallel to the extrusion direction. The 
coupons designated CT (CCT) were special compact- tens ion coupons that were 
cut from pre-cracked center-notched coupons . Material property values are 
given in Table 2. 

All specimens tested had self— similar fatigue pre— crack growth except 
the plane strain, compact-tension coupons with L-T orientation, (i.e. tests 
1,3,9, and 10). In these four coupons the fatigue crack initiated at the end 
of the notch and grew at an angle with respect to the transverse direction. 
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in none of these, four eases was there any transverse gr^ I Sote that 
specimens 1 and 3 had machined ^ "rack by first fatiguing a 

had been extended as a s dtp specimen from it. The sharpness of 

center-notched coupon and cutting th P cracks initiated at a 45° 

the notch had no me.sureable influence .nd the crack, ^ S everal 

angle in the 10% material and at * ^notches „ ere also tested and the 
20% CT(L-T) coupons with chevron starter not observe the crack 

fatigue crack ..«« * Photograph of 

so the remaining tests had straign f. 7 Havine these results, it 

a failed 20% CT(L-T) coupon is =hom in Figure 2^ ^ ^ g^ „„ red uced (by 

was very interesting that when t he SENT coupon 

machining) to 2.54 mm the crack did not :urn ■ “^r to a CT coupon 

gave self-similar crack grouth SEOT coupon^ ^ ^ dif£er<snt 

contributions oTsJ'Vs due to ‘-ding - 

for the OT geometry. 

The CCT specimen has no net bending moment. 


TABLE 1. Testing Program and Results 



TABLE 2. Material Properties 


<y f -Ihpr 

E l (GPa) 

E 2 (GPa) 

o (MPa) 

_ys _ 

K Tf; (MPa /m ) 

To IlUcl 
0% 
10% 
20% 

73 

95 

128 

73 

73 

101 

300 

=350 

=390 

2=40 

?, see Table 1 
? . see Table 1 
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None of the compact-tension specimens met the second condition. The 
crack front was very uniformly rounded, (nearly a circular arc) with the 
surface crack length differing from the average length by about 20%. The CCT 
and SENT coupons were fatigued to give a longer crack length in order to be 
able to fracture the specimens and the percent difference was about 10%, but 
the crack front was essentially the same shape as the CT coupons. 

The third criteria was marginal (i.e. on the order of 65%) in most 
cases, when the requirement was based on the maximum value of K, i.e. K^j in 
Table 1. In those cases of considerable non-linearity in the load-COD 
record the value of K maximum during the final fatigue cycle was frequently 
as large as Kq. 

The fourth critera imposes a limitation on the degree of non-linearity 
in the load-COD results. Only tests 3,10,12 and 13 satisfied this condition 
of K m /Kq 5 1.1, and in tests 3 and 10 the fatigue crack was not self-similar. 
A typical load-COD curve is given in Figure 3. 

The difference in behavior (crack branching) observed between the thick 
and thin compact- tens ion coupons and between the thick compact-tension and 
edge-notched specimens is the most significant difficulty in attempting to 
use these tests to develop fracture data. The observed response is 
apparently due to the influence of the different stress states: plane strain 

vs. plane stress and the stress gradient due to the different bending 

components. A series of tests using a standard edge-notched coupon with 
different pinhole locations are now underway to investigate this behavior . 

The variation in the averaged values given in Table 1 (with fiber 

orientation and specimen geometry) covers a range of Kq or of over 20%. 
These were the average of several tests for each particular specimen 
configuration. The variation within a given series was also on the order of 
25%, giving a large scatter in the full set of data. For example, for a 10% 

T-L material the minimum value of Kq recorded was 11.8 Mpa/m for a CT 

specimen, and a maximum value of 21.6 Mpa/m was obtained from a CCT coupon. 
This was typical of all the tests, with the CT coupon giving the lowest value 
of toughness, the CCT next, and the SENT the highest. As indicated however, 
it appears that the SENT results depend on the pin location. 


CONCLUSIONS 

Following the E-399 guidelines, it must be concluded that none of the 
tests gave a valid Kjq. 

There is no real reason to feel that the above criteria must be applied 
to the composite. If the results were such that a consistent value of K 
(either Kq or %) emerged, then there would be some justification for using 
it as a material property in design. Unfortunately, the results do not show 
such consistency. 

It seems that the best one can say for these testing methods is that the 
center-notched coupon is the most consistent and is the most suitable 
specimen to use to compare different materials or to quantify improvements 
made in a material by changes in processing. These tests do not indicate 
that an increased K value using a CCT test will necessarily correspond to the 
same improvement in a different specimen geometry. 
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The singular crack-tip stress field (stress intensity factor) and the 
standard application of LEFM does not represent the fracture behavior of 
these materials. No single value of toughness was found, even when the fiber 
orientation was fixed. 
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Note: W = Width 

a = Crack length 
as shown 
B = Thickness 
= 12.7mm plane strain 
= 2.54mm plane stress 



Figure 2. Crack Deflection in a 20% 
L-T, Plane Strain Specimen 
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Figure 3. Load-COD Curve for a 20% 
CT, T-L Specimen 







